Amid mounting concerns about nephrogenic sclerosis and gadolinium deposition in the brain, physicians and patients alike are starting to question the use of gadolinium chelates for clinical magnetic resonance (MR) imaging. The search for safer alternatives is currently underway. In North America, the iron supplement ferumoxytol has gained considerable interest as an MR contrast agent. In Europe, ferumoxtran-10 is entering phase III clinical trials. As these agents are starting to be used by a new generation of radiologists, important clinical questions have reemerged, including those that have been answered in the past. This article offers 10 important insights for the use of iron oxide nanoparticles in clinical MR imaging. After reading the article and taking the test, the reader will be able to:
n Describe important safety aspects of superparamagentic iron oxide nanoparticles n Describe the diagnostic value of iron oxide nanoparticles for MR imaging applications n Explain which technical parameters can optimize the sensitivity and specificity of ferumoxytol-enhanced MR images n Describe intrinsic immune-modulating therapeutic effects of iron oxide nanoparticles
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(27), atherosclerotic plaque imaging (28-30), and imaging of various types of inflammation (31-33). Food and Drug Administration (FDA) approval of the iron supplement ferumoxytol (Feraheme) has led to a renaissance of "off-label" use USPIO for a variety of imaging applications (7-11,32,34). Instead of reinventing the wheel, we can build on existing experience with other USPIOs, such as ferumoxtran-10 (12,13,30,32), ferucarbotran/SHU555C (32), and feruglose (23,35), to truly advance the field of nanoparticle imaging. Before USPIOs entered clinical trials, these nanoparticles were labeled and described by identifying numbers. When reviewing literature about a specific iron oxide product, these initial formulations should be included to capture all available information. An overview of the synonyms for different intravenously administered iron oxide nanoparticles is provided in the Table. Please note that Medline lists more than 7000 articles on clinical iron oxide nanoparticles. The literature cited here support selected clinical questions, but is not meant to be comprehensive.
Strategies to Prevent and Minimize Adverse Reactions to USPIOs
Several investigators have described serious and life-threatening anaphylactic reactions to intravenously administered ferumoxytol nanoparticles (36,37). The aggregate rate of serious adverse events was 0%-1%, and the aggregate rate of anaphylaxis was 0.02%-0.2% (5,38,39). In response, the FDA has issued a black box warning an MR contrast agent, but was later developed for anemia treatment (5,6). In North America, ferumoxytol (Feraheme) is increasingly being used for MR imaging (5,7-11). In parallel, the iron oxide nanoparticle compound ferumoxtran-10 (Sinerem/Combidex) has gained a surge of interest in Europe and is currently under clinical development (12-15). As these agents are adopted by a new generation of radiologists, it is important to build on the many lessons learned from previous experience with iron oxide nanoparticle compounds. As a researcher who has worked with iron oxide nanoparticles for more than 20 years, I have noticed the re-emergence of important clinical questions that have already been answered. This article addresses these newly resurfaced questions and offers 10 key insights into the use of iron oxide nanoparticles for clinical MR imaging. n Extravasation of iron oxide nanoparticles can cause longlasting skin discolorations.
Imaging Applications for
n Dual-contrast agent MR imaging studies can be obtained after injecting iron oxides and then gadolinium chelates or vice versa.
n Iron can be retained in the choroid plexus.
n Ferumoxytol enhancement of lymph nodes is not due to macrophage phagocytosis.
I
n the late 1970s, Lauterbur and colleagues discovered that paramagnetic ions could influence proton relaxation times on magnetic resonance (MR) images (1). The first volunteer was injected with gadopentetate dimeglumine in 1983 (2,3). Although early clinical studies primarily focused on gadolinium chelates, MR investigators had already identified iron compounds such as ferric ion (Fe 3+ ) as alternate MR contrast agents with high r1 relaxivities (4). During the next decades, superparamagnetic iron oxide (SPIO) nanoparticles were developed for limited and well-defined clinical applications such as MR angiography, tissue perfusion studies, and atherosclerotic plaque and tumor imaging. Amid recent concerns about nephrogenic sclerosis and gadolinium deposition in the brain, patients and physicians are questioning the use of gadolinium chelates and are actively seeking alternatives. In North America, the iron supplement ferumoxytol has gained considerable interest as an MR contrast agent. Ferumoxytol is composed of SPIO nanoparticles with strong T1 and T2 relaxivities and therefore can be used "off label" to enhance softtissue contrast on MR images. In fact, ferumoxytol was originally designed as
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Daldrup-Link pseudoallergy (CARPA) (46-49). Ferumoxytol contains a small amount of free iron (, 0.002% of the total iron content), independent of the liquid used for dilution (45). This free iron can activate the complement system, lead to mast (ie, hapten) by blocking the antibody binding sites without the formation of immune complexes (45). Rapid injection of iron products can cause a distinct nonimmune reaction: complement activation-related regarding these risks (40). The FDA recommends that clinicians carefully consider the potential risks and benefits of administering ferumoxytol, especially in elderly patients who have a higher risk of adverse events and patients with a history of allergic reactions to any iron product. In addition, the FDA urges clinicians to only infuse ferumoxytol intravenously when diluted in 50-200 mL of 0.9% sodium chloride or 5% dextrose solution and administer it slowly over a minimum of 15 minutes. Patients should then be closely monitored for signs and symptoms of allergic reactions for at least 30 minutes (40).
USPIOs can cause immune responses according to the Gell-Coombs system (Fig 1) (41) . The classic pathway involves a type III dextran reactive antibody reaction with the formation of immune complexes and complement activation. A number of preventive strategies have been applied to reduce the incidence of these reactions. Some investigators have prescribed aspirin prior to USPIO administration (42) based on previous reports that aspirin can inhibit complement activation and prevent hemodynamic reactions to liposomes in animal models (43). In addition, low-molecular-weight dextrans administered prior to USPIO have been reported to block circulating antidextran antibodies (or antibodies that cross-react with dextran) (44). For instance, isomaltoside 1000 has been suggested to act as a monovalent antigen 
Iron Oxides Do Not Interact with Gadolinium Chelates
Depending on the administered dose, intravenously injected iron oxide nanoparticles provide long-lasting reduces nanoparticle aggregates in a solution injected into a patient. Thus, filters are no longer used for administration of these nanoparticles. Increasing temperature has been shown to decrease the enthalpy of nanoparticles (53); for instance, when nanoparticles are dissolved in cool saline, a negative enthalpy change can occur, for which the system may compensate by maximizing the existing entropy and separating liquid molecules from nanoparticles, thereby promoting aggregation. Many current USPIO formulations contain citrate, which binds ferric ions and prevents nanoparticle aggregation (45). Systematic studies are needed to evaluate the effect (or lack thereof) of varying compositions and temperatures of clinical USPIO solutions on nanoparticle agglomeration.
Iron Oxide Nanoparticles Can Cause Local Side Effects at the Infusion Site
Patients should be informed that extravasation of iron oxide nanoparticles can cause long-lasting skin discolorations (brown areas) of the skin surrounding the infusion site. Such discolorations will persist for several months but usually slowly disappear over time, similar to an organic tattoo. A clinical intervention to accelerate the disappearance of this discoloration would be valuable. In fact, iron-induced skin discoloration is one reason a skin prick test for an allergic reaction is considered neither feasible nor safe. The by-products of the pigments' decomposition accumulate in the lymphatic system and can cause detectable signal changes of local lymph nodes on MR images.
Usually, iron oxide nanoparticles are inert and do not cause local inflammatory reactions. However, rarely, extravasated iron products can cause granulomas, dermatitis, or local fibrosis. In animal experiments, locally administered iron dextran products inhibited the growth of subcutaneous tumors through a Fenton reaction and production of reactive oxygen species (54). Additionally, intramuscularly injected iron products have been associated with the development of sarcomas cell degranulation, and cause anaphylactic-like symptoms with severe hypotension and/or severe flush sensations (50). This reaction can be alleviated by slow infusion of diluted iron products. Other investigators have suggested that injecting iron too rapidly can exacerbate CARPA by exceeding the clearance rate of anaphylatoxins from the blood by carboxypeptidase N and macrophages (47,48). Regardless of the underlying cause, hypotensive reactions observed with rapid ferumoxytol injections led the FDA recommendation to administer diluted ferumoxytol slowly under continuous blood pressure monitoring. Patients with cardiac preconditions are particularly vulnerable to iron-induced hypotensive reactions because they do not have the cardiac reserve to compensate for a hypotensive crisis. Ironinduced hypotension is best treated with intravenous fluid. Antihistamines can escalate hypotensive events and reactive tachycardia (51). Since clinical presentations of CARPA and true anaphylaxis can overlap; guidelines for the treatment of iron-induced adverse events recommend fluid administration in conjunction with other drug therapies for anaphylactic reactions (46).
Filters Are No Longer Used
In the absence of an external magnetic field, USPIOs have little tendency for self-aggregation and are stabilized as individual particles by their synthetic coat (52). However, micro-oxidation, microrelease of ferrous ions, and electrostatic interactions can promote natural aggregation. In addition, compared with first-generation SPIOs, USPIOs have a higher relative surface area and number of surface atoms, which can promote agglomeration. Due to this concern, for nearly 20 years both SPIOs and USPIOs had to be administered through a 5-µm (18-23) or 0.22-µm filter (27). This filter was placed between the syringe and infusion line and/or the intravenous access to the patient, with the goal of preventing injection of nanoparticle aggregates. However, there is a lack of scientific evidence showing that using a filter actually In the reticuloendothelial system (RES) (ie, liver spleen and bone marrow), ferumoxytol nanoparticles extravasate through discontinuous microvessels and/or sinuses and cause strong T1 enhancement within the first few hours after iron oxide administration (Fig 3) . Ferumoxytol tissue T1 enhancement on gradient-echo sequences can be improved by increasing the nanoparticle dose, decreasing the flip angle, and minimizing the echo time (82, 86) . In most tissues outside of the RES, ferumoxytol does not extravasate and therefore causes substantially lower T1 enhancement of tissues when compared with gadolinium chelates (35). Therefore, ferumoxytol is not well suited for detecting small tumors outside of the RES. Ferumoxytol tumor enhancement during the relatively early perfusion phase, 1-30 minutes after injection, is limited by an average tumor blood volume of about 5%. This is much lower compared with gadolinium chelates, which rapidly distribute to the larger extracellular space (Fig 3) . Peak ferumoxytol enhancement in malignant tumors is typically reached at 24-48 hours after intravenous ferumoxytol administration (9). To compensate for the low sensitivity of iron oxide nanoparticles, tumor imaging studies are typically performed with high doses of 5-8 mg of iron per kilogram (11,82).
Iron oxide nanoparticles can provide information for tumor characterization not accessible by gadolinium chelates. By creating a "blood-body barrier" (in analogy to the blood-brain barrier), USPIOs can better characterize differences in the microvascular permeability of benign and malignant vascular enhancement for several days and tissue enhancement for several weeks. This finding has led to concerns regarding potential interactions between iron oxide nanoparticles and gadolinium chelates. Extensive dualcontrast agent imaging studies conducted in more than 1000 patients showed that iron oxide nanoparticles do not interact with or interfere with the pharmacokinetics or imaging characteristics of gadolinium chelates (76) (77) (78) (79) . Dual-contrast agent MR imaging has been performed after injection of iron oxides and then gadolinium chelates (76, (78) (79) (80) or vice versa (77) . Nevertheless, it will be important to understand tissue MR enhancement patterns after administration of iron oxide nanoparticles (see below). With more than 1 million ferumoxytol administrations for anemia treatment to date, radiologists will likely acquire MR images in ferumoxytol-treated patients. Therefore, we should consider including a question about previous treatments with iron products on MR imaging screening forms.
USPIOs Have Different T1 Enhancement Patterns Compared with Gadolinium Chelates
T1 contrast enhancement due to iron oxide nanoparticles such as ferumoxytol is very different compared with that due to gadolinium chelates in terms of timing, duration, bio-distribution, and elimination from the body (Figs 2, 3) . The T1 shortening process requires close interaction between water molecules and iron oxide nanoparticles (81) . Smallmolecular-weight gadolinium chelates distribute nonspecifically in blood and extracerebral tissues, providing uniform strong T1 enhancement. By contrast, due to their large size, iron oxide nanoparticles do not extravasate in most tissues. This can be harnessed for MR angiography (7,8), long-lasting vascular enhancement in whole-body MR imaging and positron emission tomography/MR imaging tumor staging (82, 83) when the nanoparticles are compartmentalized and clustered in cells, while T2 effects decline to a lesser degree and T2* effects remain largely unaffected (91, 99) . Thus, the combination of T1, T2, and T2* effects allows us to determine the extra-or intracellular nanoparticle location (10,91). 
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accordance with the concept of imaging metastasis in the liver with iron oxides, the T2 effect in normal lymph nodes is due to macrophage phagocytosis. However, despite more than 100 scientific articles on this subject, no study has yet localized iron oxide nanoparticles to specific cellular components in normal lymph nodes. Two studies correlated iron oxide enhancement of reactive and inflamed lymph nodes with histopathologic findings: Xue et al evaluated inflammatory lymph nodes in rabbits after injection of Freund adjuvant (111) . The highly inflamed lymph nodes showed retention of iron oxides in macrophages. Koh et al evaluated reactive nodes in patients with colorectal cancer. The authors found decreased T2 signal of reactive nodes on MR images and scattered iron-containing macrophages on corresponding histopathologic specimens (112) . Neither of these studies evaluated the localization of iron oxide nanoparticles in the cellular components of normal lymph nodes, which typically contain few macrophages. Since normal lymph nodes contain mostly T cells and only few macrophages, it is unclear which cell type in a healthy lymph node retains SPIO nanoparticles (Fig 6) . Other immune cell types capable of phagocytosis, such as dendritic cells, could take up iron oxide nanoparticles and contribute to the observed T2-signal enhancement. This is important because it might enable us to differentiate lymph node pathologies with different immune cell compositions based on their differential iron uptake. Future studies are needed to elucidate if and when iron oxide nanoparticles localize to the intravascular space, the extravascular-interstitial space, or cellular components in healthy lymph nodes. Interestingly, the USPIO uptake in lymph nodes can be substantially enhanced by preadministration or coadministration of nonsteroidal anti-inflammatory drugs (42).
Summary
Since USPIOs are not associated with a risk of nephrogenic sclerosis, they can serve as a safer contrast agents compared with gadolinium chelates hemosiderosis and hemochromatosis, iron deposition in the adrenal gland can rarely lead to hypoaldosteronism (104) (105) (106) . The related effects of iron oxide nanoparticles have not been described. USPIOs do not cross the bloodbrain barrier in healthy subjects. However, brain scans of patients after multiple blood or iron transfusions can show persistent hypointense enhancement in the choroid plexus for days to weeks (107, 108) (Fig 1) . It is unknown whether ferumoxytol can penetrate through the choroid plexus into the cerebrospinal fluid. In animal models, intravenously administered iron was retained in choroid plexus epithelial cells and in neuroglial cells (107, 108) . In vitro studies have shown that iron oxide nanoparticle-exposed neuronal stem cells have a near immediate ability to adapt to local changes in iron content by downregulation of transferrin receptor 1 (Tfrc) and heme oxygenase 1 (Hmox1) expression and upregulation of genes involved in lysosomal function (Sulf1) and detoxification (Clu, Cp, Gstm2, Mgst1) (109) . Interestingly, this study found no change in gene expression related to apoptosis pathways (109); others have suggested that iron oxides can induce ferroptosis in cancer cells through a caspase-independent cell death pathway (110) . Further studies are needed to understand whether cumulative US-PIO doses lead to iron deposition in the brain and whether USPIO can cause ferroptosis in patients.
Iron Oxide Nanoparticles Do Not Localize to Macrophages in Lymph Nodes
USPIOs have been used extensively for the detection of lymph node metastases (11,12,15). Previous studies showed that ferumoxtran-10 and ferumoxytol nanoparticles are retained in normal lymph nodes, causing a long-lasting T2 and T2* signal effect on T2-and T2*-weighted MR images 24-48 hours after intravenous injection of USPIOs. Conversely, metastases in lymph nodes did not take up iron oxides and, therefore, could be detected as relative hyperintense lesions. It was suggested that, in longer echo times and show stronger iron oxide enhancement. Therefore, on IP-OP images, liver fat and iron oxide nanoparticles show the same effect: a lower signal on OP images than on IP images (bright-dark signal).
Considering the above protocols, the detection of most focal liver lesions would be better on the IP images from OP-IP sequences and OP images from IP-OP sequences, due to better lesionto-liver contrast on the sequence with the longer echo time.
Iron oxide nanoparticles are slowly degraded by macrophages in the RES (Fig 5) . The nanoparticle coating is cleaved by lysosomal enzymes and the iron core is incorporated into the body's iron stores, where it is slowly metabolized over 6-12 weeks (100). Excessive doses of ferumoxytol can lead to long-lasting signal effects on MR images (101) and can potentially cause hemosiderosis (100), although no cases of ferumoxytol-induced hemosiderosis have been described in patients to date. Doses for imaging purposes (1-5 mg of iron per kilogram of body weight) are smaller than doses for anemia treatment (initial 510 mg intravenous injection followed by a second 510 mg injection 3-8 days later) (100). The impact of USPIO biodegradation on T2 and T2* signal is a largely understudied area.
Iron Oxide Nanoparticles Are Retained in Organs Outside of the RES
Outside of the RES, iron oxide nanoparticles are taken up by adrenal glands (34,101), alveolar macrophages in the lungs (102), peritoneal macrophages (58) , and synovial membrane macrophages in joints (32,103).
The normal adrenal gland demonstrates marked negative (dark) enhancement on T2-weighted MR images at 1 and 24 hours after ferumoxytol administration (34). By contrast, retroperitoneal tumors show little or no ferumoxytol enhancement (82) . This difference in ferumoxytol enhancement between benign adrenal tissue and malignant adrenal masses might prove useful in the differential diagnosis of adrenal lesions. In patients with
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